[1] The recent variability of the tropopause temperature and the tropopause inversion layer (TIL) are investigated with Global Positioning System Radio Occultation data and simulations with the National Center for Atmospheric Research's Whole Atmosphere Community Climate Model (WACCM). Over the past decade (2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)) the data show an increase of 0.8 K in the tropopause temperature and a decrease of 0.4 K in the strength of the tropopause inversion layer in the tropics, meaning that the vertical temperature gradient has declined, and therefore that the stability above the tropopause has weakened. WACCM simulations with finer vertical resolution show a more realistic TIL structure and variability. Model simulations show that the increased tropopause temperature and the weaker tropopause inversion layer are related to weakened upwelling in the tropics. Such changes in the thermal structure of the upper troposphere and lower stratosphere may have important implications for climate, such as a possible rise in water vapor in the lower stratosphere.
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Introduction
[2] The upper troposphere and lower stratosphere (UTLS) is a key region for troposphere-stratosphere interactions and reacts particularly sensitively to climate change [Fueglistaler et al., 2009] . The tropopause inversion layer (TIL) refers to a narrow (1-2 km) band of temperature inversion above the tropopause associated with a region of enhanced static stability. It was discovered by Birner [2006] and confirmed by the Global Positioning System Radio Occultation (GPS-RO) data over all geographical regions [Randel et al., 2007; Grise et al., 2010] . The formation and maintenance of the TIL are not yet well understood, but seem to be related to dynamics [Birner, 2006; Wirth and Szabo, 2007] , radiation [Randel et al., 2007; Randel and Wu, 2010; Schmidt et al., 2010a] , or a combination of both [Birner, 2010] .
[3] To improve our understanding of the TIL and its potential impact on climate, this study investigates the variability of the tropical TIL over the past decade. Such an investigation has not been possible so far, due to a lack of observational data with global coverage and sufficiently high vertical resolution over a sufficient period of time.
Here we use GPS-RO data from the Challenging Minisatellite Payload (CHAMP) and Gravity Recovery and Climate Experiment (GRACE) satellites [Schmidt et al., 2005; Wickert et al., 2009] which are well suited for studying the TIL because they have long-term stability, are selfcalibrating, and have very high vertical resolution compared to radiosondes.
[4] Coupled Chemistry Climate Models (CCMs) with fully interactive radiative, chemical and dynamical, processes are the state-of-the-art tools for investigating the variability and physical mechanisms in the stratosphere and the UTLS region. However, as reported by the ChemistryClimate Model Validation Activity (CCMVal) of Stratospheric Processes and their Role in Climate (SPARC) [SPARC-CCMVal, 2010] , the CCMVal-2 models may not be able to reproduce the structure of the observed TIL with quantitative accuracy due to the relatively coarse vertical resolution of standard CCMs, which is about 1 km in the UTLS. Here we run an ensemble of three simulations using a much higher vertical resolution version (about 300 m in the UTLS) of NCAR's WACCM model (WACCMhighres) to investigate the mechanism(s) for the formation of the TIL and possible reasons for its variability in the past decade.
Data and Model Description

GPS-RO Data
[5] The CHAMP mission has generated the first long-term GPS-RO data set (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) [Wickert et al., 2001; Schmidt et al., 2005 Schmidt et al., , 2010b . Besides one complete month of missing data (July 2006), CHAMP has continuously delivered between 150 and 200 temperature profiles daily and about 200 profiles per month in the tropics [Schmidt et al., 2010b] . To continue the data beyond the end of the CHAMP mission in September 2008, and to fill in the missing month of the data in 2006, we also use RO data from the GRACE-A satellite, which delivers atmospheric temperature profiles with the same daily data rate. The GRACE GPS receiver and error characteristics are comparable with those of CHAMP [Wickert et al., 2009] . The vertical resolution of RO measurements depends on the implemented retrieval algorithms; our current software version has a vertical resolution of about 100 m in the UTLS.
Michelson Interferometer for Passive Atmospheric Sounding Data
[6] The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) is a Fourier-Transform Infrared Spectrometer with high spectral resolution which was launched into a Sun-synchronous orbit aboard the Environmental Satellite (Envisat) on 1 March 2002 and was active until April 2012 when contact to Envisat was lost. In the UTLS region the vertical resolution of MIPAS water vapor profiles is 4 to 5 km for measurements before 2005 [Milz et al., 2005] [Stiller et al., 2012] . We used data from June 2002 to April 2011, to get the highest consistence in time with the GPS-RO data.
WACCM Simulations
[7] The Whole Atmosphere Community Climate Model, version 4 (WACCM4), which is one of two available atmospheric components of the Community Earth System Model (CESM), is used here in its atmosphere-only mode. WACCM4 uses the finite-volume dynamical core with 66 standard vertical levels (about 1 km vertical resolution in the UTLS). The horizontal resolution of the WACCM4 runs presented here is 1.9 ı 2.5 ı (latitude longitude). More details of this model are described in detail in Garcia et al. [2007] and Marsh et al. [2013] . Beside this standard version, a special version with finer vertical resolution, WACCM-highres [Gettelman and Birner, 2007] , with 103 vertical levels and about 300 m vertical resolution in the UTLS, has been used here.
[8] An ensemble of three experiments was run over the recent decade 2001-2010 with each WACCM version (standard WACCM and WACCM-highres). Available observations of sea surface temperatures and solar fluxes were used in our simulations to produce the most realistic simulation of the climate in the past decade (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Other forcings such as greenhouse gases (GHGs) and ozone depleting substances, were used following the Intergovernmental Panel on Climate Change RCP4.5 scenario. All forcings are the same in the standard and the finer resolution simulations. Instantaneous data were stored daily for the simulations, and the tropopause was calculated from profile to profile for both the GPS-RO data and instantaneous model data. The results presented in the following are ensemble averages for the two WACCM versions, respectively.
TIL Variability and Possible Reasons
TIL Structure and Variability
[9] Figure 1 shows the thermal structure around the tropopause (Figure 1a) , as well as the static stability (Figure 1b ) from GPS-RO and model data. Here we have used a tropopause-based average, using the tropopause calculated from profiles as a reference level, and rearranging the data to a distance-to-tropopause ordinate instead of the commonly used sea level ordinate before averaging [Birner, 2006] . The temperature profile averaged thus preserves the sharp tropopause, while the buoyancy frequency (N 2 ) jumps from a low value in the upper troposphere to a maximum around 1 km above the tropopause. To be consistent with previous TIL studies [e.g., Birner, 2006; Randel et al., 2007] , we use the lapse rate tropopause (LRT) using the standard World Meteorological Organization (WMO) lapse rate criterion [World Meteorological Organization, 1957] , rather than the cold point tropopause (CPT) commonly used in the tropics. If we use the CPT instead of the LRT, the results are quite similar (not shown). WACCM is in general able to reproduce the quantitative structure of the TIL seen in GPS-RO data although the tropopause is not as sharp, which is especially evident in the N 2 profile. This is consistent with the recent SPARC-CCMVal report [SPARC-CCMVal, 2010] . The finer vertical resolution of WACCM-highres captures the TIL structure slightly better.
[10] Randel et al. [2007] define the strength of the TIL (STIL) as the temperature difference between the temperature at 2 km above the tropopause and the tropopause temperature (TPT) in the extratropics. In Figure 1c we use a similar definition of the STIL, but with the temperature at 1 km instead of 2 km above the tropopause, since the maximum of N 2 occurs no more than 1 km above the tropopause (Figure 1b , also Grise et al. [2010] ) in the tropics. The maximum of N 2 is used as another indicator of STIL in Figure 1d . (for N 2 ) from 2001 through 2011. The observed decline is over 95% significant, with a correlation of 0.86 between the two time series. After extracting out the internal variability, such as the El Niño-Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO) by multiple linear regression (MLR), the STIL trend becomes somewhat weaker (not shown). However, the regression onto ENSO, the QBO, and the trend were not statistically significant, which implies that the STIL results from very complex processes and is therefore not easy to fit. WACCM generally captures a negative trend, although the decrease is not significant and the variability of the STIL in the model is larger, especially for temperature. WACCM-highres reproduces the observed features better than the standard WACCM, which shows a statistically significant downward trend.
Variability of the Tropopause Temperature
[11] The observed STIL variability of the past decade could be an indication of climate change in the tropopause region. Since the static stability is closely related to the temperature, hereafter only the temperature will be used to analyze the possible reasons for the observed STIL variability. The STIL is by definition influenced by the TPT as well as the thermal structure around the tropopause. The variability of the TPT over the same period is shown in Figure 2 . The observed TPT increased significantly (about 1 K) over the past decade according to the GPS-RO data. This is consistent with the results of Wang et al. [2012] after the year 2000. MLR was used again to extract the internal variability due to ENSO and the QBO from the tropical TPT. The tropical TPT shows an increase of about 0.8 K over the past decade after performing the regression, which is over 95% significant ( Figure S1 in the supporting information). Again, the WACCM-highres experiments capture this increase slightly better than the standard WACCM, which shows an insignificant decrease of the TPT. The significant TPT increase observed by GPS-RO is directly related to the weaker STIL, with a correlation of 0.4 (for temperature)/0.7 (for N 2 ) to the STIL time series. The relatively low correlation between the TPT and the STIL in temperature demonstrates again the complexity of the STIL variability, which is difficult to explain with linear regression. The black, blue, and green lines represent the data from GPS-RO, WACCM-highres, and WACCM, respectively. The solid/dashed line styles for the trendlines represent trends found to be more than/less than 95% statistically significant.
[12] This warmer tropopause could be a climate change signal and is very important, since the TPT is the key determinant of how tropospheric trace gases such as water vapor are transported into the stratosphere. If the tropopause is changing, this immediately influences stratospheric water vapor content, which is important for global warming [Solomon et al., 2010] . The temperature 1 km above the tropopause shows a similar but weaker increase over the same period (not shown). The strong increase of the TPT, and the weaker increase of the temperature 1 km above the tropopause, are the primary reasons for the decrease of the STIL.
Possible Reasons for Observed STIL Decline and TPT Increase
[13] Radiative heating rates, as well as temperature profiles around the tropopause, are shown in order to investigate the contribution of radiative effects on the temperature evolution. Figure 3a shows tropopause-based temperature profiles averaged from the first 5 years (2001-2005, dashed line) and the last 5 years (2006-2010, thick line) . Clear temperature differences (over 95% confidence) between the first and last 5 years of the past decade exist in the troposphere, across the tropopause, and up to about 3 km above the tropopause in both GPS-RO and WACCM-highres data. This temperature increase over the past decade around the tropopause has been discussed by Schmidt et al. [2010b] , though the explanation for it is still unclear.
[14] Figure 3b shows a decline (95% confidence) in the long-wave heating rates around the tropopause for the WACCM-highres simulations, and no significant changes in the short-wave heating, which results in net cooling. Please note that the radiative forcings used in our WACCM simulations, such as GHGs and aerosols are not entirely based on observations. However, the WACCM-highres simulation indicates that the warming around the tropopause is caused to a lesser extent by radiative effects, and more by a warming effect from dynamical transport or convection. Please also find the dynamical heating rates and the whole thermal budget from the WACCM-highres simulations in Figure S2 . A dynamical warming can be seen clearly, and this leads to a net warming from 15 to 20 km.
[15] To better understand these dynamical changes, the vertical component of the Brewer-Dobson circulation (w*) is calculated approximately, using the Transformed Eulerian Mean method [Edmon et al., 1980] . The deseasonalized monthly mean anomalies of the tropical w* from 2001 to 2010, averaged between 100-70 hPa and 20 ı S-20 ı N, are shown in Figure 4a . The WACCM-highres simulations (blue) show a slight but statistically significant decrease of w* in the tropics. A weaker w* means less upwelling and hence less cooling above the tropopause, which may result in a relative warming effect. There is also a strong correlation (0.8 with the TPT lagged by 1 month) between w* and the TPT time series. Therefore, it is possible that the increase in the TPT as well as the warming around the tropopause (Figure 3a , also seen in Schmidt et al. [2010b] ) are an effect of a weaker Brewer-Dobson circulation. w* from the standard WACCM simulations (green) shows a very slight, insignificant increase, which indicates the importance of high vertical resolution for simulating the dynamical transport through the UTLS.
[16] Water vapor is one of the most important gases for the formation of the TIL because of its strong radiative effects [Randel and Wu, 2010] . On the other hand, the magnitude of stratospheric water vapor is strongly dependent on the TPT [Rosenlof and Reid, 2008] , which determines the transport of water vapor from the troposphere to the stratosphere. Figure 4b shows the evolution of tropical water vapor above the tropical tropopause (100-70 hPa 20 ı S-20 ı N) in the past decade, from MIPAS and the two ensemble mean WACCM simulations. Overall, the tropical water vapor in the lower stratosphere slightly increased over the past decade according to the MIPAS data and the WACCM-highres simulations, but slightly decreased in the standard WACCM run. This increase of tropical water vapor in the lower stratosphere was also shown by previous studies [Solomon et al., 2010; Hurst et al., 2011] . Even though water vapor shows relatively large differences between the different data sets mentioned above, WACCM-highres reproduces an absolute value closer to the MIPAS data than the standard WACCM (not shown). This enhanced water vapor most likely results from the increased TPT, but whether the weaker STIL that also contributes is still unclear. Furthermore, the potential effects of enhanced water vapor on the thermal structure around the TIL are also not yet understood. Not only the magnitude, but also the gradient of water vapor above the tropopause, influences the TIL structure.
[17] Ozone concentration is also argued to be important for the TIL formation [Randel et al., 2007] . Figure 4c shows a significant increase of ozone in the lower stratosphere from the WACCM-highres simulations, which is consistent with the recent work by Gebhardt et al. [2013] . The MIPAS ozone data show different tendencies between the first (2002) (2003) (2004) (2005) and the following (2006-2010) time periods, making it difficult to fit a linear trend. The increased ozone in the WACCM-highres simulation might be caused by the weakened upwelling and may also be important for the UTLS thermal structure.
Summary and Outlook
[18] A decrease in tropical STIL of 0.4 K and an increase in tropical TPT of 1 K (or 0.8 K after extracting the contributions from ENSO and QBO by the MLR) over the last decade were found in the GPS-RO data from CHAMP and GRACE. A WACCM simulation with high vertical resolution reproduces the TIL sharpness and variability better than the standard WACCM with coarser vertical resolution in the UTLS. The decrease of the STIL and the increase of the TPT are directly related to each other and are a combination of both dynamical and radiative processes. Weaker upwelling might lead to a warmer tropopause and less cooling or even warming of the lower stratosphere. However, the increase of tropical TPT and the decline in upwelling can only be shown in the WACCM-highres but not in the standard WACCM simulation. This will need to be checked again in more simulations and indicates more uncertainty in our explanation of the recent UTLS variability. The warmer tropopause leads to enhanced water vapor and may have subsequent radiative effects in the lower stratosphere. This trend analysis is still relatively uncertain, since we only have about 10 years of observations. The explanation for the recent UTLS variability is still not clear. Further work is necessary to diagnose the relative contribution from different factors.
[19] Similar decreases of the STIL can also be found in other latitudes (not shown) and will be discussed in a future study. It will be also important to quantitatively analyze and understand the mechanisms for the TIL formation, and its potential importance for climate change in more detail.
